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ABSTRACT 
 
 
Landscape metrics measure the composition and configuration of habitats 
within landscapes; often the goal is to measure fragmentation.  While a variety of 
existing metrics characterize the connectivity and contiguity of habitat patches, 
most do not explicitly consider the fragmenting effects of roads in their 
formulations. This research develops a set of new landscape metrics that 
explicitly quantify how roads disconnect and break apart habitat patches. This 
research introduces the following four metrics to consider the fragmenting effects 
of transportation networks: (1) Number of Connected Patches, a measure of 
connectivity; (2) Euclidean Nearest Neighbor–Roads, a measure of proximity; (3) 
Road Density, a measure of dispersion, and (4) Distance to Roads, a measure of 
division. Each of these formulations explicitly considers the presence of 
roadways. The metrics are applicable at three spatial scales: patch, class, and 
landscape. 
Number of Connected Patches (NCP) provides a new roadway-sensitive 
measure of patch connectivity by computing the number of patches of identical 
cover type in a landscape that can be traversed on the shortest straight line 
distance between them without crossing a road. Euclidean Nearest Neighbor–
Roads (ENNR) calculates the distance to the Euclidean nearest neighbor of a 
patch of the same cover type that is not separated by a roadway. Road Density 
(RD) leverages the ratio of total roadway network length intersecting a patch, 
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class, or landscape versus respective total unit area.  Distance to Roads (DR) 
provides a new measure of division by taking the shortest Euclidean distance in 
meters of any patch to the nearest roadway. 
The performance of the new metrics is evaluated using simulated 
landscape data with different transportation network structures and habitat patch 
configurations.  This is accomplished by comparing output from the road-based 
metrics to existing metrics that quantify habitat density, isolation, dispersion, and 
division.  The results of the study demonstrate that the new road-based 
landscape metrics provide an improved means of quantifying habitat 
fragmentation caused by transportation networks. This is especially evident as 
simulated transit network increases for each landscape; response of new metrics 
to increased road presence is linear and as expected given metric design. These 
metrics have successfully captured notable patch, class, and landscape level 
characteristics and their associated responses which are not available with 
treatment by conventional measures of landscape fragmentation.  
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CHAPTER 1: 
INTRODUCTION 
 
Anthropogenic modifications to landscapes often disrupt ecosystems and 
negatively impact wild animal populations.  Human activities such as 
urbanization, agriculture, and rural development often cause both habitat loss 
and fragmentation (De Santo et.al. 1993; Mader 1984). While habitat destruction 
is the leading driver of biodiversity loss at the global scale, fragmentation—which 
occurs when habitat patches of similar composition become increasingly 
separated from one another—likewise impacts the survival of species (Alexander 
et. al. 2005; Dixon et.al. 2007; Findlay et. al. 2000). Within this context, roads are 
an important cause of habitat fragmentation.  Roads are widely cited as barriers 
to animal movement and plant dispersal in ecological literature, transforming 
contiguous landscapes into patchworks of isolated habitats with low connectivity 
(Clark et al. 2001; De Santo et al. 1993; Fahrig 1985; Foster et al. 1995).  
Specifically, the presence of road networks poses significant ecological threats to 
wildlife over time through processes of habitat loss, habitat degradation, 
fragmentation, road mortality, restricted access to vital habitat, and population 
isolation (Jackson 2000).  Ultimately, roadways can divide wildlife populations, 
restrict wildlife mobility, disrupt gene flow, and disturb metapopulation dynamics 
(Clark et. al. 2001; Clark et. al. 2010; Fahrig et. al. 1985).   
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Ecologists routinely quantify habitat fragmentation using 'landscape 
metrics‘ (Faith et. al. 2005; Turner et al. 2001). Landscape metrics refer 
exclusively to indices developed to measure categorical map patterns such as 
habitat composition and configuration.  Landscape metrics often take the form of 
calculations that quantify the specific compositional and spatial characteristics of 
habitats.  Landscape metrics are often computed at three levels: patch (of a 
single cover type), class (all habitat patches of the same type), or landscape 
(habitat mosaics in their entirety; McGarigal and Marks 1995, Gustafson 1998). 
Ecological literature reflects significant investigation on the use and misuse of the 
numerous landscape metrics that have been developed in practice (Gustafson et 
al. 1992; Hargis et al. 1998; Jaeger 2000; Li et al. 1993; Turner et al. 2001). 
However, a limitation to the application of landscape metrics for measuring 
habitat fragmentation is that nearly all fail to explicitly consider the presence of 
roadways, rendering proper interpretation a haphazard and difficult task (Forman 
and Alexander 1998; Hargis et. al. 1998, Turner et.al. 2001). This research 
develops a set of new landscape metrics that explicitly quantify how roads 
disconnect and break apart habitat patches and is organized as follows. Chapter 
2 reviews related literature behind the impact of roads on wildlife biodiversity, the 
spatial aspects of habitat connectivity, and existing landscape metrics. Chapter 3 
provides an overview of the research objectives. Chapter 4 presents the new 
road-based landscape metrics. Chapter 5 describes the methodology used to 
evaluate the metrics. Chapter 6 describes the results of the study and Chapter 7 
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provides a discussion of the results. Finally, chapter 8 provides an overall 
conclusion that describes what effects this study can have on future research.  
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CHAPTER 2:  
LITERATURE REVIEW 
Impact of Roads on Wildlife Biodiversity 
It is projected that 15-20% of wildlife habitat in the United States is located close 
to roads (Forman and Alexander 1998). Transportation networks are of 
significant ecological concern to associated animal populations. Obstructions like 
roads limit animal movements and physically cut off individual and population 
access to neighboring habitat areas (Clark et al. 2001). Population reductions 
can result from isolation or impede recolonization of an area, causing localized 
extinctions (Reijnen et. al. 1995). High traffic volume roads generally restrict 
animal movements (Alexander et al. 2005; Gagnon 2007) more so than rural 
roads; however, even minor roads can still be problematic for certain species 
(Arisz 2005) because they divide existing populations into smaller more isolated 
metapopulations (Forman and Alexander 1998). Similarly, a single large patch 
can typically support more species than several smaller, isolated patches 
(Forman and Godron 1986).  In summary, habitat fragmentation results in 
physical and genetic isolation of animal populations and reduced genetic 
variability due to dispersal limitations (Bascompte and Sole 1996; Corlatti et al. 
2009; Dixon et al. 2007).  
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Spatial aspects of habitat connectivity 
Spatial connectivity describes the continuity of a habitat or cover type across a 
landscape (Turner et al. 2001). Fragmentation of a particular habitat occurs when 
a specific cover type is broken up into smaller disjointed parcels, also known as 
habitat patches. Patch connectivity in habitat patches is considered important for 
the movement of genes, individuals, populations, and species over multiple 
temporal and spatial scales (Minor and Urban 2008).  Connectivity among 
patches is often a good measure of ecosystem function in landscapes (Turner et. 
al. 2001). Ecosystem functions, such as nutrient cycling, are dependent on 
influences of spatial heterogeneity acting upon biotic and abiotic processes 
(Turner et al. 2001; Risser et al.1984). Connectivity is important for such 
processes as seed dispersal, animal movement, fire and hydrology (Mader 1984; 
Parendes et. al. 2000; Shepard et. al. 2008).  
There are four explicit spatial aspects to connectivity: density, proximity, 
dispersion, and division. Density refers to the total number of patches divided by 
the total reference area (McGarigal and Marks 1995). Patch proximity measures 
spatial inclination of relatively isolated patches to one another of the same class 
type. Dispersion specifies how patches are distributed spatially in relation to one 
another (Turner et. al. 2001). Division refers to the degree to which a specific 
cover type is fragmented and the spatial arrangement of those patches 
(McGarigal and Marks 1995).  In combination, these four properties can be used 
as the basis of landscape metrics that measure habitat fragmentation. 
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Review of Existing Landscape Metrics 
Landscape metrics provide quantitative representation of habitat composition and 
configuration within landscapes; they routinely measure fragmentation. 
Landscapes are composed of different land cover or habitat type categories, and 
metrics can summarize and describe specific patterns and processes for a given 
landscape.  They are often used to detect natural or anthropogenic changes over 
time. Landscape metrics are mostly used to study and quantify habitat change 
over space and time on three scales: patch, class, and landscape (Turner et al. 
2001). 
 Patch: describes composition and/or configuration of each individual 
habitat parcel 
 Class: illustrates all patches of the same cover type 
 Landscape: depicts landscape as a whole unit by encompassing all 
classes 
Quantification through the use of mathematical landscape metrics seeks to 
measure the diversity, homogeneity or heterogeneity on these three spatial 
scales (Turner et al. 2001). Landscape metrics quantify the spatial pattern of an 
ecosystem in terms of both its composition and configuration. Composition refers 
to the amount of different cover types within a landscape, while configuration 
describes their spatial distribution (McGarigal and Marks 1995). Landscape 
pattern is defined by these two elements and characterized by how they relate to 
one another in terms of density, proximity, dispersion, and division. Because the 
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description of landscape pattern requires more than one metric, it is important to 
address the specific components that define a landscape‘s level of patchiness 
(Turner et al. 2001). As this paper specifically focuses on habitat fragmentation in 
terms of spatial connectivity, only the most relevant landscape metrics are 
reviewed below.  Two common measures of composition are also described, as 
they complement measures of connectivity. 
Patch Number 
Patch Number specifically describes the degree of subdivision for a specific class 
or landscape by counting the total number of patches for a given area (Turner et 
al. 2001). At the class level, Patch Number counts the number of individual 
patches for each patch type. At the landscape level, it counts the number of 
patches in all classes. While it is best used in conjunction with other metrics, 
more patches in a given landscape generally indicates more fragmentation and 
less continuity. Patch Number may be confusing due to its scale dependency, as 
values generally increase proportionally to the size of the study area.  
Additionally, small patches are counted with equal weight as large patches, so 
this metric provides only limited information of the spatial configuration of the 
landscape.  
Patch Density 
The most straightforward measure of landscape configuration is Patch Density, 
which is simply the total number of patches divided by the total reference area 
(McGarigal and Marks 1995). This metric is preferred to Patch Number, as it 
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corrects for scale-dependency issues.  As for Number of Patches, Patch Density 
can be computed at the class and landscape levels.  High densities generally 
indicate greater levels of habitat fragmentation; however, lower values may also 
occur for particular cover types that are rare.  
Patch Size 
Patch Size is used to measure the subdivision of habitats in a landscape. At the 
patch level Patch Size is the total area of an individual patch.  Mean Patch Size 
is reported at the class and landscape levels.  Patch Size is one of the most 
useful metrics for characterizing a landscape, as larger patches generally 
indicate less fragmentation (McGarigal and Marks 1995). Patch Size can serve 
as an indicator of ecosystem function. Many ecosystem functions are less likely 
to be supported by smaller patches therefore the benefits are diminished when 
the overall area is reduced (Hargis et. al. 1998). The size of habitat patches can 
also indicate the number of species that area can support.  
Edge Density 
Edge Density is a measure of the complexity of the shape of patch and, similar to 
patch density, it represents an expression of the spatial heterogeneity of a 
landscape mosaic. An edge refers to the border between two different classes. 
Edge Density represents the length of all borders between different classes in a 
reference area divided by the total reference area (McGarigal and Marks 1995). 
At the class level, Edge Density is calculated in meters as the total length of all 
borders of a particular class type. At the landscape level it is an average of all 
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classes within the landscape. Spatial resolution, or grain size, is important in 
calculating edge density. The smaller the mapping unit, the better the spatial 
delineation is measured. Edge Density is an important metric, as it directly 
considers the shape and the complexity of the patches (Turner et al. 2001).  
Euclidian Nearest Neighbor 
Euclidean Nearest Neighbor (ENN) specifically characterizes the relative spatial 
locations and arrangements of patches.  At the patch level, it measures the 
shortest straight line distance from one patch to another patch of the same cover 
type.  The calculation is usually computed using patch centroids as the basis for 
measuring interpatch distances (McGarigal and Marks 1995). ENN is calculated 
at the class and landscape levels by computing the mean. ENN is an important 
measure of connectivity in a landscape, as it indicates how clustered or randomly 
distributed patches are within a landscape.  
Effective Mesh Size and Splitting Index 
The Effective Mesh Size simply denotes the size of the patches when the 
landscape is divided into X number of areas, each of the same size.  It is a 
measure of the degree of landscape division obtained for the observed total area 
distribution. Jaeger (2000) argues that the most important and advantageous 
feature of this new measure is that effective mesh size is ‗area-proportionately 
additive‘, meaning it characterizes the subdivision of a landscape independently 
of its size. Similarly, the Splitting Index is defined as the number of patches one 
gets when dividing the total landscape into patches of equal size in such a way 
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that this new configuration leads to the same degree of landscape division as 
obtained for the observed cumulative area distribution. The splitting index can be 
interpreted to be the ―effective mesh number‖ of a patch mosaic with a constant 
patch size dividing the landscape into X number of patches, where X is the 
Splitting Index (Jaeger 2000). This is a landscape level metric and equals the 
total landscape area squared divided by the sum of patch area squared, summed 
across all patches in the landscape in meters squared.  
Degree of Landscape Division 
The Degree of Landscape Division is a set of subdivision metrics that are 
computed from the total patch area distribution. The Degree of Landscape 
Division is defined as the probability that two randomly chosen places in a given 
landscape are not situated in the same undissected area. Applied, it denotes the 
possibility of two individuals to meet as a precondition for the survival of a 
population by taking into account the size of undissected areas and the 
accessibility of inhabitable places (Jaeger 2000). This measure has the particular 
advantage over other conventional measures of subdivision, such as the mean 
Patch Size and Patch Density, in that it can omit or add very small patches to the 
overall calculation. In practice, this makes the results more reproducible because 
researchers do not always use the same lower limit of patch size (Jaeger 2000). 
Contagion  
One index that considers dispersion is the contagion index based on the 
probability of finding one cell of type next to another cell of type. FRAGSTATS 
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computes one of the Contagion indices proposed by Li and Reynolds (1993) 
which improved its performance from that used in prior research (O'Neill et al. 
1988). Based on raster cell adjacencies, not patch adjacencies, it is the product 
of two probabilities in that two randomly chosen adjacent cells belong to two 
different specific patch types. This contagion index is useful because it is a basic 
measure of landscape diversity and a class level metric which does not include 
any specific units of measurement. Lower values generally characterize 
landscapes with many small and dispersed patches while higher values of 
contagion may result from landscapes with a few large, contiguous patches.  
Road Density  
Road Density, although not routinely applied as a landscape metric, can be used 
as a measure of habitat fragmentation (McGarigal and Marks 1995). Road 
density is understood as the ratio of total roadway length in a study area versus 
the total land area within the study area. Typically expressed as total kilometers 
of roadway length / square kilometers in study area, road density is only 
calculated at the landscape level and gives an impression of fragmentation 
severity due to presence of transportation networks.  
NORM-ED 
The National Overview Road Metric-Euclidean Distance, (NORM-ED) is the first 
national indicator developed specifically to describe extent and configuration of 
spaces between roads in the US; NORM-ED findings provide for evaluation of 
ecological impacts brought about by US road networks. NORM-ED is computed 
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only at the landscape scale and estimates the largest radius of a circle given a 
point containing no roadways (USGS 2004).  NORM-ED does not consider 
roadway characteristics; all roads are considered equal regardless of surface 
type, width, traffic volume.  NORM-ED is also not routinely applied as a 
landscape metric because of the fact that it is based on a single point that can be 
arbitrarily selected for the radii center.  
Patch Cohesion Index 
Patch Cohesion Index is a class and landscape level metric that measures how 
physically connected one patch is to corresponding patch types. It is sensitive to 
how the patches are aggregated at the focal class. It is calculated as a range 
from 0 to 100 and excludes any internal background that may be present in the 
landscape. Patch Cohesion Index is equal to 1 minus the sum of the patch 
perimeter divided by the sum of patch perimeter times the square root of patch 
area for patches of the corresponding patch type, divided by 1 minus 1 over the 
square root of the total number of cells in the landscape, multiplied by 100 to 
convert to a percentage. Patch Cohesion Index increases as the patch type 
becomes more clumped or aggregated in its distribution; hence, more physically 
connected (Gustafson 1998). At the class level Patch Cohesion measures the 
physical connectedness of the corresponding patch type yet at the landscape 
level, the behavior of this metric has not yet been evaluated (McGarigal et al. 
2002).  
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Patch Richness 
Patch Richness is a landscape level metric that represents the number of patch 
types (classes) present in the landscape. This measurement is represented as a 
range of anything greater than or equal to one. It is cited as the simplest measure 
of landscape composition, but note that it does not reflect the relative 
abundances of patch types. Although it does not measure the spatial 
configuration or arrangement of patches, it is included as it is one of the most 
popular landscape metrics (McGarigal and Marks 1995). 
Percentage of Landscape 
The Percentage of Landscape or (PLAND) metric is a class level metric that 
computes the relative abundance of each patch type in the landscape. It is 
calculated as the sum of the areas (m2) of all patches of the equivalent patch 
type, divided by total landscape area (m2), converted to a percentage by 
multiplying the total by 100. The closer PLAND approaches 0%, the related patch 
type becomes increasingly rare in the landscape. When PLAND equals 100%, 
the entire landscape consists of a single patch type. Similar to Patch Richness, 
PLAND measures landscape composition rather than spatial aspects of 
connectivity, but since it is one of the most useful landscape metrics, it is 
included here (McGarigal and Marks 1995).   
Limitations Regarding Metrics and Roads 
All landscape metrics represent some aspect of landscape pattern, the goal 
being to measure fragmentation (Turner et al. 2001). A variety of existing metrics 
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characterize the connectivity and contiguity of habitat patches but most are 
limited in use for more rural or natural environments and do not account for the 
fragmenting effects of roads in their methods (Jaeger 2000; Keitt et al. 1997). 
The following addresses some of these concerns based on the four aspects of 
connectivity described above. 
Patch Density 
The Patch Density measurement is limited as it does not convey information 
concerning the distribution of patches in space. Furthermore, patch density does 
not relate any information concerning the effect of transportation networks on an 
area; the metric does not indicate if fragmentation is the result of transportation 
network presence. Currently, the patch density measurement does not account 
for patch number contributions made by the fragmenting effects of physical 
barriers such as transportation networks. Landscapes as they are represented in 
GIS are physically separate layers from the roadway networks that overlay them. 
In reality roads often intersect patches therefore patch densities returned are not 
indicative of reality (Turner et al. 2001).   
Patch Proximity (Isolation) 
While some landscape metrics, such as Euclidean Nearest Neighbor distance, 
Similarity Index Distribution, and Proximity Index Distribution, can indicate patch 
isolation, they do not specify whether or not isolation is a result of transportation 
networks. For instance, Proximity Index is limited in that buffer distances are not 
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sensitive to the presence of transportation networks; roadways do not influence 
the analysis and are therefore can misrepresent fragmentation in urban areas. 
Patch Dispersion 
Patch dispersion must be considered in quantifying the distance an organism 
must travel to reach the closest patch of the same cover type. Animals may 
however move in patterns not reducible to straight line distances. As individual 
animals are killed trying to cross a highway or denied access to critical habitats, 
local populations will likely fail or be substantially reduced. These concerns 
further the case for a roadway-sensitive metric, as straight-line distances cannot 
be generalized towards animal movement patterns in roadway-fragmented 
landscapes (Clark et al. 2001). Landscape metrics that measure patch dispersion 
include are Contagion and Euclidean Nearest Neighbor.  
Patch Division 
With current metrics, such as Contagion, Effective Mesh Size, and Splitting 
Index, it can be difficult to isolate subdivision independently from the other 
components mentioned previously when considering roads. This had been 
attempted by a series of fragmentation metrics introduced by Jaeger (2000). 
While effective at distinguishing spatial patterns it is noted as unsuitable for use 
on spaces with settlements or traffic areas (Jaeger 2000). 
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CHAPTER 3: 
RESEARCH OBJECTIVES 
While a variety of existing metrics characterize the connectivity and contiguity of 
habitat patches, all but two existing landscape metrics do not consider how roads 
influence habitat fragmentation in their formulations, and none quantify these 
effects at the patch or class levels. The goal of this study is to develop a new set 
of metrics that explicitly account for the fragmenting effects of roadways by 
quantifying how roads disconnect and break apart habitat patches. Specific 
objectives include: 
(1) Develop road-based landscape metrics that can be applied at three 
scales: patch, class, and landscape. 
(2) Demonstrate the performance of the new metrics using simulated 
landscape data with varying levels of fragmentation and road density. 
(3)  Compare the results for the new metrics to existing metrics to identify how 
they measure habitat fragmentation differently. 
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CHAPTER 4: 
NEW ROAD BASED LANDSCAPE METRICS 
Lack of suitable metrics sensitive to the presence of transportation networks 
limits accurate quantification of habitat fragmentation. The following provides a 
new set of metrics in consideration of roadway fragmentation effects; these 
metrics are applicable to real-world datasets and are implemented through 
GIScience techniques. They include Number of Connected Patches, Euclidean 
Nearest Neighbor-Roads, Road Density, and Distance to Roads. 
Number of Connected Patches—Roads 
The presence of road networks tends to decrease the connectivity among habitat 
patches in a landscape. While current methodologies measure the proximity of 
patches to one another, these measurements ignore the placement of roads.  
Thus, Number of Connected Patches (NCP-R) is proposed as a new metric 
which defines two patches as connected if it is possible to move between them 
without crossing a road.  Assuming a straight line distance, measured from patch 
edge to patch edge, at the patch level NCP-R is the number of patches that are 
connected to a given patch.  At the class level, NCP-R is computed as the mean 
number of connected patches for a given patch type.  At the landscape level, 
NPC-R is calculated as the mean for all patch types. All values are denoted as a 
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number greater than or equal to 0 which represents the total number of patches 
or classes associated with that particular cover type or landscape.  
Euclidian Nearest Neighbor—Roads  
As a standard measure of patch proximity, the Euclidean nearest neighbor 
landscape metric represents the shortest straight line distance from one patch of 
a single cover type to another, as measured as the distance between their 
centers. However, this metric does not consider the presence of roads in its 
distance calculations. The metric, Euclidean Nearest Neighbor—Roads (ENNR), 
will modify ENN to account for roads by computing the distance in meters from 
one patch edge to the nearest neighboring patch edge that is not separated by a 
road. The new metric can be calculated at all three spatial scales.  At the patch 
level, the ENNR distance will be recorded for each individual habitat patch in 
meters.  At the class and landscape levels, patch averages will be computed.  
This new metric can provide indication of patch dispersion or clustering due to 
the presence of roadways.  Higher values will indicate less fragmentation caused 
by roads. This can help when comparing overall connectivity between patch 
types in comparison to the presence of a roadway at the landscape level. 
Road Density 
Road density (RD) measures represent an available methodology for quantifying 
habitat fragmentation (McGarigal and Marks 1995).  Road density is calculated 
as a ratio of total road network length versus a study area‘s total land area 
(m/m2). While road density is a viable measure of fragmentation, it has only been 
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applied at the landscape level. This research will extend this measure to the 
patch and class levels.  At the patch level, RD will be calculated as the length of 
road intersecting a given patch divided by the patch area.  As for other metrics, 
the mean RD will be computed for all patches of a given type at the class level. 
Road density describes how much of a particular patch or patch type is impacted 
by roadway networks.  
Distance to Roads 
Distance to Roads (DR) is a new metric for measuring road-based habitat 
fragmentation. At the patch level, DR is calculated as the Euclidean distance 
from a patch edge to the nearest road edge in meters.  At the class and 
landscape levels, DR is computed as an average for all patches of the same type 
or entire landscape, respectively.  DR is designed as a simple measure of how 
predominant roads are in the landscape.  Higher values for DR should indicate 
less fragmented landscapes.   
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CHAPTER 5: 
METHODS 
Sample landscapes are critical to the assessment of landscape metrics as they 
provide a means of generating specific conditions in which to test the utility of 
each metric individually against multiple scenarios for patch, class, and 
landscape scale studies.  In this study, nine landscape scenarios were simulated 
using combinations of three habitat configurations and three road densities to 
explore how the newly developed road-based metrics perform under different 
levels of fragmentation.  Existing landscape metrics were also computed for the 
three habitat configurations. A comparison of the results for the new and existing 
metrics indicates how well each metric performed in assessing habitat 
fragmentation caused by roads. 
Simulated Landscape Data 
Simulated landscapes were generated by digitizing and overlaying different 
combinations of patches and road networks using geographic information system 
(GIS) software (ArcGIS v. 9.3, ESRI, Inc.). Three sample landscapes were 
created such that they displayed an increase in patch density and a decrease in 
patch size (i.e. increasing levels of fragmentation).  Three road networks were 
digitized such that they displayed an increase in the amount of roadway present 
in the landscape.  The three road networks were overlaid with each of three 
habitat configurations to generate a total of nine landscapes. These landscapes 
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were then used to test the effectiveness of each of the four new road based 
landscape metrics; all metrics were run for each of the nine situations.  
The first habitat configuration contains 20 separate patches with individual 
patch ID numbers labeled as 0 through 19. These patches were each one of five 
different cover types each labeled as 0 through 4 to comprise the entire 
landscape.  Patch placement within the landscape and assigned cover types are 
arbitrary and do not represent any specific cover types; while the configuration of 
the patches may resemble cover found in situ, spatial distribution of cover types 
are not meant to mimic any particular distribution found in nature.  This 
configuration represents a relatively less fragmented mosaic compared to the 
other simulations. The second habitat configuration contains 34 patches with 
individual ID numbers labeled as 0 through 33. These patches had the same five 
cover types as the first to simulate an increase in patch density by increasing the 
number of patches within the same landscape area. This configuration was 
designed to represent a moderate degree of habitat fragmentation. The third 
landscape repeated this increase in road density by increasing the number of 
patches to 61 total patches labeled as 0 through 60 with the same number of 
cover types in the same size landscape. This habitat configuration was designed 
to represent a high degree of fragmentation.   
 Each roadway network was created using ArcGIS and drawn onto the 
existing area of the sample landscapes. The first had the lowest density, covering 
only the bottom half of the landscape using only five lines to mimic very minimal 
impact. The second had a moderate road density by building upon the first by 
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adding three more lines for a total of eight roads. The third had the highest road 
density by building upon the second by adding six more lines for a total of 
fourteen roads. These three road networks in combination with the three habitat 
configurations yield nine landscape scenarios: low patch density, low road 
density (Figure 1), low patch density, moderate road density (Figure 2), low patch 
density, high road density (Figure 3), moderate patch density, low road density 
(Figure 4), moderate patch density, moderate road density (Figure 5), moderate 
patch density, high road density (Figure 6), high patch density, low road density 
(Figure 7), high patch density, moderate road density (Figure 8), and high patch 
density, high road density (Figure 9).  
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Figure 1. Road network overlaid simulated landscape- large continuous patches; 
low road density showing patch ID numbers 
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Figure 2. Road network overlaid simulated landscape- large continuous patches; 
moderate road density showing patch ID numbers 
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Figure 3. Road network overlaid simulated landscape- large continuous patches; 
high road density showing patch ID numbers 
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Figure 4. Road network overlaid simulated landscape- Moderate sized, 
moderately continuous patches; low road density showing patch ID numbers 
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Figure 5. Road network overlaid simulated landscape- Moderate sized, 
moderately continuous patches; moderate road density showing patch ID 
numbers 
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Figure 6. Road network overlaid simulated landscape- Moderate sized, 
moderately continuous patches; high road density showing patch ID numbers 
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Figure 7. Road network overlaid simulated landscape- small isolated patches; 
low road density showing patch ID numbers 
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Figure 8. Road network overlaid simulated landscape- small isolated patches; 
moderate road density showing patch ID numbers 
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Figure 9. Road network overlaid simulated landscape- small isolated patches; 
high road density showing patch ID numbers 
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Metric Performance Using Simulated Landscape Data 
Each of the four new road-based metrics was computed for each of the nine 
simulated landscapes. To calculate Number of Connected Patches, each patch 
was numbered in ArcGIS, then one by one, was counted the number of patches 
one could traverse within the landscape without crossing a road. Patches were 
considered as connected if any part of one patch was reachable by any other 
part of another patch without crossing a road. For the Euclidian Nearest 
Neighbor-Roads metric, the same patch numbering method was used then the 
distance to each nearest neighboring patch was measured by counting the 
number of cells. Again patches were considered as connected if any part of one 
patch was reachable by any other part of another patch without crossing a road. 
To compute the Distance to Roads metric a similar method was performed in 
which the distance to the nearest neighboring road was used instead. Using GIS 
to calculate the distance from patch edge to road edge, the distance was 
measured from one patch to its closest road. If the road was intersecting a patch 
the distance value was reported as zero. To calculate Road Density, each road 
network once overlaid onto a landscape was then intersected with each patch to 
form its own separate polyline file. Then the length of each individual intersecting 
polyline file was divided by the area of the patch it intersected. 
 
Comparison of New Metrics to Existing Metrics 
Each of the three different habitat configurations were used to compute nine 
different existing landscape metrics. Since classic landscape metrics are not 
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computed using a road layer, only the habitat configurations were utilized. 
Existing metrics were computed using FRAGSTATS, a computer software 
program designed to quantify landscape structure by calculating a variety of 
landscape metrics for categorical map patterns. FRAGSTATS provides a broad 
array of raster-based metrics as well as a variety of methods for subsampling 
and analyzing the landscape (McGarigal et al. 1995). This includes but is not 
limited to multiple area metrics, patch density, size and variability metrics, edge 
metrics, shape metrics, core area metrics, diversity metrics, and contagion and 
interspersion metrics.    
The landscape metrics chosen for this particular study were the most 
closely related to the newly created road-based metrics based upon each metrics 
characterization of density, dispersion, isolation and proximity. They include the 
Euclidean Nearest Neighbor at the patch level, Percent Landcover, Number of 
Patches, Euclidian Nearest Neighbor mean, and Cohesion index at the class 
level and Percent Landcover, Number of Patches, Euclidian Nearest Neighbor 
mean, and Cohesion index Patch Richness at the landscape level.  
The following methodology was undertaken for each landscape type: 
Landscapes were exported as ASCII GRID files from ArcGIS, file headers were 
removed in the text files so that FRAGSTATS would accept each landscape. 
Then a sample landscape was inputted into FRAGSTATS and the appropriate 
metrics were selected at each scale. Then the program outputs a table with the 
corresponding results for each classic method selected. The output results from 
FRAGSTATS were then compared to the new metrics based on how the results 
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demonstrate an improved means of quantifying habitat fragmentation in the 
presence of roads.  
 35 
 
 
 
 
 
CHAPTER 6: 
RESULTS 
The output of these new metrics demonstrates their utility for quantifying habitat 
fragmentation in the presence of roads. This chapter describes the results of 
each of the four metrics performance as demonstrated by the nine sample 
landscapes and the case study data sets.  FRAGSTATS was used to compute 
existing metrics for the simulated landscape data then compare the results to the 
results of the new metrics of this study using the same data sets. A comparison 
of the results further indicates how well each metric performs in assessing habitat 
fragmentation caused by roads. 
Results for New Metrics 
Number of Connected Patches-Roads 
Higher NCP values tend to indicate more connectivity among patches. For 
example, a patch that generates a NCP value of 3 is considered to have more 
connectivity then a patch that generates a value of 2 however this result is 
somewhat contingent on the landscape itself. The landscapes with larger 
continuous patches tended to have fewer connected patches however as road 
density increased, the number of connected patches decreased. In cases where 
there were more smaller patches, the number of connected patches tended to be 
higher but this was because there were more available patches to be counted. 
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The trend continued in that there were fewer connected patches as road density 
increased.  
Results for NCP-R at the patch level varied from 0 (no patches reachable 
without crossing a road) to 17 depending on the number and size of patches.  
These values showed a distinct pattern according to both the density of patches 
in the habitat configuration and the density of roads. Values ranged from 0 to 4 
for the low patch density scenarios (Tables 1-3), 0 to 8 for moderate patch 
densities (Tables 10-12), and 0 to 17 for high patch densities (Tables 19-21).  
However, despite the influence of patch densities, when habitat configurations 
were held constant, higher road densities always yielded lower NCP-R values.   
This pattern is most evident when the values are examined at the 
landscape and class levels. For example, when we examine the low patch 
density configuration, the average NCP-R at the landscape level (Tables 7-9) 
changes from 2.25 at a low road density, to 1.3 at a moderate road density, and 
to 0.95 at the high road density. A similar pattern is observed for each of the 
classes in this landscape (Tables 4-6), with values ranging from 1-2.83 at lower 
road densities to 0-1.6 at higher road densities.   
The number of connected patches also increased as the number of 
available patches/specific cover types increased; or the higher the patch density 
was in the landscape. For example, following the NCP metric through three 
roadway densities on landscapes with low patch density (Tables 1-3), the case of 
patch 11 shows the intensifying effect of roadway pressures on fragmentation of 
landscapes. Here the following transition holds patch density constant while 
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increasing roadway density. When patch density is low (Tables 1-3), NCP-Roads 
value is 3. This then decreases to 2 under moderate patch density (Tables 10-
12) and again to 0 under high patch density (Tables 19-21). These results are 
indicative of the expected response of road-based metrics to increased roadway 
presence; following the NCP metric response through this progression captures 
the loss in habitat connectivity associated with increased roadway presence. 
Similar results were reflected at the class and landscape levels as well at all 
varying levels of patch densities. 
Euclidian Nearest Neighbor Roads 
The Euclidean Nearest Neighbor-Roads metric at the patch level is defined as 
the distance to the nearest neighboring patch without crossing a road. Therefore, 
the smaller the ENN-Roads value, the less fragmented that particular patch is 
from its neighboring patches of the same cover type. Results for ENN-R at the 
patch level varied from --, or no neighboring patches without crossing a road, to 
1600 meters distance to its nearest neighboring patch. Similar to Number of 
Connected Patches-Roads, these values also showed a distinct pattern 
according to both the density of patches in the habitat configuration and the 
density of roads. Values ranged from -- to 1600 for the low patch density 
scenarios (Tables 1-3), -- to 900 for moderate patch densities (Tables 10-12), 
and -- to 600 for high patch densities (Tables 19-21).   
Patches that were considered connected under the previous ENN (without 
roads) metric are now shown to be separated by a road where those patches 
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report no ENN-Roads value. Because a lower number indicates more patch 
connectivity, this can also limit the use of this metric in that patches with no other 
connecting patches cannot have a nearest neighbor value at all. This is 
problematic when formulating a class and landscape average calculation and 
difficult to work around when comparing the values of each data set. The trend at 
the class and landscape levels show that the average value alone cannot solely 
indicate the level of fragmentation with regard to ENN-Roads, as ENN-Roads 
values are reported as a ratio in percent. At the patch level the symbol ―--― 
implies that there was no nearest neighbor without crossing a road, therefore no 
ENN-Roads values were returned in those cases. These values could not be 
replaced with 0 because it would mean that that specific patch‘s nearest 
Euclidean neighbor was touching that particular patch. In the class and 
landscape cases, percentages were used to indicate the cover types that 
contained values with no connecting nearest neighbors. At the landscape level all 
test data had a percent value except for the landscape with low patch density 
and low road density.    
When habitat configurations were held constant and road density 
increased (Tables 1-3, 10-12, and 19-21), ENN-Road values decreased. At the 
class and landscape levels as the road density increased (Tables 4-6, 13-15, and 
22-24 for class and Tables 7-9, 16-18 and 26-28 for landscape), the total 
percentage of patches counted also decreased. If we look specifically at the 
landscapes with low patch density (Tables 7-9), as road density increases at the 
patch level the overall ENN-Roads value decreased. At the class and landscape 
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levels, the average ENN-Roads value decreased and the total number of 
patches/covertypes counted in the formulation also decreased. For example at 
the landscape level, in the case with low patch density, low road density (Table 
7), the average ENN-Roads value was 372.35 with all possible classes counted. 
In the case with low patch density, moderate road density (Table 8), the average 
ENN-Roads value was 247.13 with 80% of the possible classes counted. In the 
case with low patch density, high road density (Table 9), the average ENN-
Roads value was 189.08 with 60% of the possible classes counted.  
If we look at the landscapes with moderate patch density (Tables 16-18) 
we see a similar trend to the low patch density landscapes; as road density 
increases at all three levels the overall ENN-Roads value decreased and the total 
number of patches/ classes counted in each formulation also decreased. For 
example at the landscape level, in the case with moderate patch density, low 
road density (Table 16), the average ENN-Roads value was 310.94 with all 
possible classes counted. In the case with moderate patch density, moderate 
road density (Table 17), the average ENN-Roads value was 250.66 with 85% of 
the possible classes counted. In the case with low patch density, moderate road 
density (Table 18), the average ENN-Roads value was 241.95 with 64% of the 
possible classes counted.  
Again the same trend was observed at all three levels for landscapes with 
high patch density (Tables 26-28) and increasing road density. Same example at 
the landscape level in the case with high patch density, low road density (Table 
26), the average ENN-Roads value was 169.08 with 98% of the classes counted. 
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In the case with high patch density, moderate road density (Table 27), the 
average ENN-Roads value was 168.81 with 93% of the possible classes 
counted. In the case with low patch density, high road density (Table 28), the 
average ENN-Roads value was 159.83 with 79% of the possible classes 
counted.  
When road density remained constant but patch density increased, ENN-
Roads values overall were lower. This is most evident at the landscape level 
where as the patch density increased, the percentage of patches counted 
increased. No trend can be determined when comparing the test data at the 
class level as the patch density increased because the average is dependent on 
the spatial location of each patch; not the number of patches.  
If we look specifically at the landscapes with low road density, as the 
number of patches increased the ENN-Roads tended to be smaller. The same 
trend was apparent at the class and landscape levels as well. There was no 
visible trend if we look at the landscapes with moderate road density, as the 
number of patches increased at the patch level. At the class and landscape 
levels, it is difficult to discern a change because of the varying percentages. 
With moderate road density, and patch density increases, a smaller 
percentage of patches are included in each calculation. With that being said, at 
the class level as the road density increased, the smaller ENN-Roads value was 
yielded. This was evident in the case of landcover type 4 with moderate patch 
density, where at the low road density yielded a value of 494m (Table 13), 
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moderate road density (Table 14) yielded a value of 282 with only 50% of the 
patches counted as having a nearest neighbor without touching a road, and 
finally there were no connecting patches in the landscape with the highest road 
density (Table 15). The same trend was observed at the landscape level (Tables 
16-18). 
If we look at the landscapes with high road density (Tables 9, 18, and 28), 
as patch density increases at the patch level the number of patches with no 
connecting nearest neighbor decreased. In the landscape with high road density, 
low patch density (Table 9), 42% of the patches had no ENN-Roads value. In the 
landscape with high road density, moderate patch density (Table 16), 36% of the 
patches had no ENN-Roads value. In the landscape with high road density, high 
patch density (Table 28), 21% of the patches had no ENN-Roads value. This was 
reflected at the class and other landscape levels as well. 
Road Density 
Road Density was calculated using the simulated habitat configurations as the 
total length of a road intersecting a patch divided by the patch area. Using these 
numbers I then calculated the RD for the Class and Landscape levels by taking 
the average of the patch level RD values from each landscape/road 
configuration. The higher the number, the longer a road intersects that 
patch/class/landscape total area. Smaller patches with longer roadways have the 
higher RD values and larger patches with less intersecting roadways have 
smaller RD values. 
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Results for Road Density at the patch level varied from 0, or no roads 
intersected that particular patch, to 0.0134m/m2.  Similar to Number of 
Connected Patches-Roads, the Road Density metric has a similar progression 
when patch density remains constant while roadway density increases. Values 
ranged from 0 to 0063m/m2 for the low patch density scenarios (Tables 1-3), 0 to 
0.0100m/m2 for moderate patch densities (Tables 10-12), and 0 to 0.0134m/m2 
for high patch densities (Tables 19-21).  
When patch density remained constant but road density increased at the 
patch level, Road Density values were higher. This is evident in with patch 11 in 
low patch density landscapes (Tables 1-3). Here we see the total length of 
roadway intersecting patch 11 increase from 0.0009 (meters of roads per sq 
meters of patch area) to 0.0023 representing 250% of patch 11‘s initial value. 
These findings are representative of the positive association between habitat 
connectivity loss and increases in roadway presence. Similar results are shown 
at the landscape level (Tables 7-9) with an increase from 0.0022m/m2 at low road 
density to 0.0027m/m2 at moderate road density to 0.0038m/m2 high road 
density; however, the results of the class level measurements showed no visible 
trend.   
If we look at the moderate patch density at the patch and class levels 
there are no immediately visible trends in the returned values. At the landscape 
level however there is a notable increase in average Road Density; with 
moderate patch density, low road density (Table 16) the value was 0.0024m/m2, 
with moderate patch density, moderate road density (Table 17) the value was 
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0.0030m/m2  and with moderate patch density, high road density (Table 18) the 
value was 0.0041m/m2.  
Similar to the moderate patch density landscapes, the landscapes with 
high patch density at the patch level were somewhat inconclusive yet a 
noticeable change occurred at the class and landscape levels. In both cases as 
road density increased, so did the average Road Density value. For example, at 
the landscape level the values with high patch density, low road density (Table 
25) were 0.0033m/m2 , with high patch density, moderate road density (Table 26) 
the value was 0.0037m/m2  (Table 27) and with high patch density, high road 
density the value was 0.0051m/m2.  
When road density remained constant but patch density increased, Road 
Density values were higher. This is evident when looking at the landscapes with 
low, moderate, and high road density at the landscape level but not at the patch 
or class levels. For example the values with high patch density, low road density 
(Table 25) were 0.0022m/m2 , with high patch density, moderate road density 
(Table 26) the value was 0.0024m/m2  and with high patch density, high road 
density (Table 27) the value was 0.0033m/m2.  
Distance to Roads 
Using the simulated habitat configurations, Distance to Roads was calculated in 
meters from each patch to the nearest neighboring road for each individual patch 
type. A DR value of zero indicates that a road is touching or intersecting a 
particular patch. The higher the number, the further the patch is located from the 
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nearest road. For example, if one patch has a DR value of 10 and another patch 
has a DR value of 100, we can say that the patch with the DR value of 100 is 
less impacted by roads. Using these patch numbers DR was calculated for the 
Class and Landscape levels by taking the average of the patch level DR values 
from each landscape/road configuration. 
Results for Distance to Roads at the patch level varied from 0, or 
intersected by a road, to 628.26 meters distance to its nearest neighboring road.  
Like the three prior metrics, these values again showed a distinct pattern 
according to both the density of patches in the habitat configuration and the 
density of roads.  Values ranged from 0 to 628.26 meters for the low patch 
density scenarios (Tables 1-3), 0 to 400.41 meters for moderate patch densities 
(Tables 10-12), and 0 to 620.25 meters for high patch densities (Tables 19-21).   
When patch density remained constant but road density increased, Distance to 
Roads values decreased. If we look at the low patch density landscapes (Tables 
1-3), we can see at the patch level in the case of patch numbers 10, 12, 16, 17, 
and 19, a significant decrease in DR values. For example patch number 19 
decreases from 628.26 meters with low road density to 400.41 meters with 
moderate road density to 0 meters with high road density. This indicates that as 
the road density increases, the trend shows the patches to be closer to roads. 
Similar results occurred at the class and landscape levels. For example 
Landcover type 4 decreases from 314.13 meters with low road density (Table 4) 
to 200.21 meters with moderate road density (Table 5) to 0 meters with high road 
density (Table 6).  
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If we look at the moderate and high patch density results, the same trends 
occur at all three levels. For example the landscapes with high patch density at 
the landscape level showed a decrease in DR values. The landscape with high 
patch density and low road density (Table 25) decreases from 6.55 meters to 
3.32 meters with high patch density and moderate road density (Table 26), then 
again to 1.27 meters with high patch density and high road density (Table 27). 
The following illustrates comparative gains in habitat connectivity and 
distance to roadways where landscape-level patch density increases and the 
presence of roadways are held constant. When road density remained constant 
but patch density increased, Distance to Roads values increased. For example at 
the class level, as patch density increases but road density remains constant as 
seen in landscapes with low, moderate and high patch density landscapes, the 
average DR value increases indicating that the smaller the patch size generally 
meant a greater distance to the nearest neighboring road. A similar result 
occurred at the patch and landscape levels for landscapes with low patch 
density.  
While a greater number of patches per unit area in a landscape does not 
always indicate a higher quality, or better habitat, these results do confirm that 
road-based metric responses stabilize where patch density is high enough to 
counteract roadway presence. This may be why many of the larger patches 
returned DR values were zero; they were intersected by a road at some point. As 
road density increased, more patches were intersected by a road. 
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Table 1. Results of New Metrics: Road-Based patch metrics for low patch 
density, low road density 
 
Patch # 
(FID) Landcover 
NCP-
Roads 
ENN-
Roads 
DR 
(meters) 
Road 
Density 
0 0 3 300 0.0000 0.0058 
1 0 3 200 0.0000 0.0039 
2 0 3 141 0.0000 0.0016 
3 0 4 141 0.0000 0.0023 
4 0 2 200 0.0000 0.0021 
5 0 2 1600 0.0000 0.0060 
6 1 2 700 0.0000 0.0028 
7 1 2 100 0.0000 0.0027 
      8 1 2 100 0.0000 0.0000 
9 2 2 300 0.0000 0.0017 
10 2 2 300 14.15 0.0000 
11 2 3 141 0.0000 0.0009 
12 2 1 141 100.04 0.0000 
13 3 2 223 0.0000 0.0044 
14 3 2 360 0.0000 0.0018 
15 3 4 100 0.0000 0.0045 
      16 3 2 300 10.00 0.0007 
17 3 2 100 100.04 0.0000 
18 4 1 1000 0.0000 0.0027 
19 4 1 1000 628.27 0.0000 
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Table 2. Results of New Metrics: Road-Based patch metrics for low patch 
density, moderate road density 
Patch # 
(FID) Landcover 
NCP-
Roads 
ENN-
Roads 
DR 
(meters) 
Road 
Density 
0 0 1 300 0.0000 0.0058 
1 0 1 200 0.0000 0.0039 
2 0 2 141 0.0000 0.0016 
3 0 4 141 0.0000 0.0032 
4 0 1 200 0.0000 0.0028 
5 0 0 -- 0.0000 0.0060 
6 1 0 700 0.0000 0.0022 
7 1 1 100 0.0000 0.0027 
      8 1 1 100 0.0000 0.0002 
9 2 1 707 0.0000 0.0017 
10 2 0 -- 10.01 0.0000 
11 2 2 141 0.0000 0.0017 
12 2 1 141 0.0000 0.0010 
13 3 2 223 0.0000 0.0051 
14 3 2 360 0.0000 0.0046 
15 3 4 100 0.0000 0.0048 
      16 3 2 300 0.0000 0.0022 
17 3 2 100 0.0000 0.0009 
18 4 0 -- 0.0000 0.0027 
19 4 0 -- 400.42 0.0000 
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Table 3. Results of New Metrics: Road-Based patch metrics for low patch 
density, high road density 
 
Patch # 
(FID) Landcover 
NCP-
Roads 
ENN-
Roads 
DR 
(meters) 
Road 
Density 
0 0 1 300 0.0000 0.0058 
1 0 1 200 0.0000 0.0039 
2 0 2 141 0.0000 0.0034 
3 0 4 141 0.0000 0.0032 
4 0 1 224 0.0000 0.0039 
5 0 0 -- 0.0000 0.0067 
6 1 0 -- 0.0000 0.0031 
7 1 1 100 0.0000 0.0036 
      8 1 1 100 0.0000 0.0021 
9 2 0 -- 0.0000 0.0017 
10 2 0 -- 10.01 0.0000 
11 2 0 -- 0.0000 0.0023 
12 2 0 -- 0.0000 0.0030 
13 3 1 223 0.0000 0.0051 
14 3 1 360 0.0000 0.0046 
15 3 4 100 0.0000 0.0063 
      16 3 1 300 0.0000 0.0049 
17 3 1 100 0.0000 0.0036 
18 4 0 -- 0.0000 0.0027 
19 4 0 -- 0.0000 0.0050 
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Table 4. Results of New Metrics: Road-Based class metrics for low patch density, 
low road density 
Landcover 
Total # 
Patches 
Average 
NCP-Roads 
Average 
ENN-Roads 
Average DR 
(meters) 
Average Road 
Density 
0 6 2.83 430 0.0000 0.0036 
1 3 2.00 300 0.0000 0.0018 
2 4 2.00 221 28.55 0.1559 
3 5 2.40 217 22.01 0.1427 
4 2 1.00 1000 314.13 0.0089 
 
 
Table 5. Results of New Metrics: Road-Based class metrics for low patch density, 
moderate road density 
Landcover 
Total # 
Patches 
Average 
NCP-Roads 
Average 
ENN-Roads 
Average DR 
(meters) 
Average Road 
Density 
0 6 1.50 196.4 (83%) 0.0000 0.0039 
1 3 0.67 300 0.0000 0.0017 
2 4 1.00 329.67 (75%) 2.50 0.0011 
3 5 2.40 216.6 0.0000 0.0035 
4 2 0.00 -- (0%) 200.21 0.0013 
 
 
Table 6. Results of New Metrics: Road-Based class metrics for low patch density, 
high road density 
Landcover 
Total # 
Patches 
Average 
NCP-Roads 
Average 
ENN-Roads 
Average DR 
(meters) 
Average Road 
Density 
0 6 1.50 197.2 (83%) 0.0000 0.0045 
1 3 0.67 100 (66%) 0.0000 0.0030 
2 4 0.00 -- 2.50 0.0017 
3 5 1.60 216.6 0.0000 0.0049 
4 2 0.00 -- 0.0000 0.0038 
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Table 7. Results of New Metrics: Road-Based landscape metrics for low patch 
density, low road density 
Total 
Average NCP-
Roads 
Average ENN-
Roads 
Average DR 
(meters) 
Average Road 
Density 
20 
Patches 2.25 372.35 19.1942 0.0022 
 
 
Table 8. Results of New Metrics: Road-Based landscape metrics for low patch 
density, moderate road density 
Total 
Average NCP-
Roads 
Average ENN-
Roads 
Average DR 
(meters) 
Average Road 
Density 
20 
Patches 1.3 247.13 (80%) 10.6690 0.0027 
 
 
Table 9. Results of New Metrics: Road-Based landscape metrics for low patch 
density, high road density 
Total 
Average NCP-
Roads 
Average ENN-
Roads 
Average DR 
(meters) 
Average Road 
Density 
20 
Patches 0.95 189.08 (60%) 0.1317 0.0038 
 
 
 
 
 
 
 
 
 
 
 51 
 
Table 10. Results of New Metrics: Road-Based patch metrics for moderate patch 
density, low road density 
Patch # 
(FID) Landcover 
NCP-
Roads 
ENN-
Roads 
DR 
(meters) 
Road 
Density 
0 0 4 507 0.0000 0.0053 
1 0 4 300 0.0000 0.0037 
2 0 4 200 0.0000 0.0031 
3 0 4 200 0.0000 0.0038 
4 0 8 300 0.0000 0.0067 
5 0 4 500 0.0000 0.0084 
6 0 4 500 0.0000 0.0016 
7 0 4 500 320.1295 0.0000 
      8 0 4 500 0.0000 0.0050 
9 1 1 100 0.0000 0.0031 
10 1 1 800 0.0000 0.0020 
11 1 5 100 0.0000 0.0020 
12 1 5 100 0.0000 0.0022 
13 1 4 100 300.7876 0.0000 
14 1 4 200 0.0000 0.0015 
15 1 4 100 610.2468 0.0000 
      16 2 1 900 0.0000 0.0007 
17 2 4 141 0.0000 0.0009 
18 2 3 600 10.0040 0.0025 
19 2 3 300 620.2509 0.0000 
20 2 3 141 100.0405 0.0000 
21 3 5 223 0.0000 0.0059 
22 3 1 400 0.0000 0.0043 
23 3 4 100 0.0000 0.0007 
24 3 4 100 116.6662 0.0000 
25 3 8 100 0.0000 0.0047 
26 3 7 100 0.0000 0.0021 
27 3 4 100 100.0405 0.0000 
28 3 4 282 0.0000 0.0026 
29 3 4 100 0.0000 0.0043 
30 4 1 282 0.0000 0.0019 
31 4 1 282 0.0000 0.0038 
32 4 1 707 110.0445 0.0000 
33 4 1 707 310.1254 0.0000 
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Table 11. Results of New Metrics: Road-Based patch metrics for moderate patch 
density, moderate road density 
Patch # 
(FID) Landcover 
NCP-
Roads 
ENN-
Roads 
DR 
(meters) 
Road 
Density 
0 0 2 800 0.0000 0.0053 
1 0 2 300 0.0000 0.0037 
2 0 2 200 0.0000 0.0031 
3 0 4 200 0.0000 0.0044 
4 0 3 300 0.0000 0.0067 
5 0 1 500 0.0000 0.0084 
6 0 1 500 0.0000 0.0016 
7 0 0 -- 310.3225 0.0000 
      8 0 1 500 0.0000 0.0050 
9 1 1 100 0.0000 0.0020 
10 1 0 -- 10.0104 0.0020 
11 1 3 100 0.0000 0.0020 
12 1 1 100 0.0000 0.0022 
13 1 3 100 10.0104 0.0000 
14 1 3 200 0.0000 0.0031 
15 1 3 100 100.0104 0.0000 
      16 2 1 -- 0.0000 0.0021 
17 2 3 141 0.0000 0.0018 
18 2 3 600 0.0000 0.0075 
19 2 3 300 400.4162 0.0000 
20 2 1 141 0.0000 0.0015 
21 3 1 223 0.0000 0.0078 
22 3 1 400 0.0000 0.0050 
23 3 4 100 0.0000 0.0034 
      24 3 3 100 107.8154 0.0000 
25 3 6 100 0.0000 0.0047 
26 3 5 100 0.0000 0.0021 
27 3 4 100 0.0000 0.0012 
28 3 3 300 0.0000 0.0034 
29 3 1 100 0.0000 0.0059 
30 4 1 282 0.0000 0.0019 
31 4 1 282 0.0000 0.0038 
      32 4 0 -- 100.1040 0.0000 
33 4 0 -- 200.2081 0.0000 
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Table 12. Results of New Metrics: Road-Based patch metrics for moderate patch 
density, high road density 
Patch # 
(FID) Landcover 
NCP-
Roads 
ENN-
Roads 
DR 
(meters) 
Road 
Density 
0 0 2 800 0.0000 0.0053 
1 0 2 300 0.0000 0.0037 
2 0 2 200 0.0000 0.0053 
3 0 4 300 0.0000 0.0044 
4 0 2 300 0.0000 0.0067 
5 0 0 -- 0.0000 0.0084 
6 0 0 -- 0.0000 0.0016 
7 0 0 -- 10.0118 0.0000 
      8 0 0 -- 0.0000 0.0060 
9 1 1 100 0.0000 0.0035 
10 1 0 -- 10.0118 0.0020 
11 1 1 100 0.0000 0.0047 
12 1 1 100 0.0000 0.0022 
13 1 3 100 0.0000 0.0033 
14 1 2 200 0.0000 0.0031 
15 1 2 100 0.0000 0.0020 
      16 2 0 -- 0.0000 0.0021 
17 2 1 600 0.0000 0.0024 
18 2 1 600 0.0000 0.0100 
19 2 0 -- 0.0000 0.0050 
20 2 0 -- 0.0000 0.0037 
21 3 1 223 0.0000 0.0078 
22 3 1 400 0.0000 0.0050 
23 3 3 100 0.0000 0.0034 
      24 3 3 100 100.1184 0.0000 
25 3 5 100 0.0000 0.0067 
26 3 3 100 0.0000 0.0043 
27 3 1 100 0.0000 0.0035 
28 3 1 300 0.0000 0.0060 
29 3 1 100 0.0000 0.0059 
30 4 0 -- 0.0000 0.0019 
31 4 0 -- 0.0000 0.0038 
      32 4 0 -- 0.0000 0.0014 
33 4 0 -- 0.0000 0.0056 
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Table 13. Results of New Metrics: Road-Based class metrics for moderate patch 
density, low road density 
Landcover 
Total # 
Patches 
Average 
NCP-Roads 
Average ENN-
Roads 
Average DR 
(meters) 
Average Road 
Density 
0 9 4.45 389.67 40.0162 0.0042 
1 7 3.14 214.29 130.1478 0.0015 
2 5 2.80 416.40 146.0591 0.0008 
3 9 4.56 167.22 24.0785 0.0027 
4 4 1.00 494.50 105.0425 0.0014 
 
 
Table 14. Results of New Metrics: Road-Based class metrics for moderate patch 
density, moderate road density 
Landcover 
Total # 
Patches 
Average 
NCP-Roads 
Average 
ENN-Roads 
Average DR 
(meters) 
Average Road 
Density 
0 9 1.78 412.5 (89%) 38.7903 0.0042 
1 7 2.00 116.67 (86%) 17.1473 0.0016 
2 5 2.20 295.5 (80%) 80.0832 0.0026 
3 9 3.11 169.22 11.9795 0.0037 
4 4 0.50 282 (50%) 75.0870 0.0014 
 
 
Table 15. Results of New Metrics: Road-Based class metrics for moderate patch 
density, high road density 
Landcover 
Total # 
Patches 
Average 
NCP-Roads 
Average 
ENN-Roads 
Average DR 
(meters) 
Average Road 
Density 
0 9 1.33 380 (56%) 1.2515 0.0046 
1 7 1.43 116.67 (86%) 1.4303 0.0030 
2 5 0.40 600 (40%) 0.0000 0.0046 
3 9 2.11 169.22 11.1243 0.0047 
4 4 0.00 -- 0.0000 0.0032 
 
. 
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Table 16. Results of New Metrics: Road-Based landscape metrics for moderate 
patch density, low road density 
Total 
Average NCP-
Roads 
Average ENN-
Roads 
Average DR 
(meters) 
Average Road 
Density 
34 
Patches 3.62 310.94 13.4953 0.0024 
 
 
Table 17. Results of New Metrics: Road-Based landscape metrics for moderate 
patch density, moderate road density 
Total 
Average NCP-
Roads 
Average ENN-
Roads 
Average DR 
(meters) 
Average Road 
Density 
34 
Patches 2.09 250.66 (85%) 6.7599 0.0030 
 
 
Table 18. Results of New Metrics: Road-Based landscape metrics for moderate 
patch density, high road density 
Total 
Average NCP-
Roads 
Average ENN-
Roads 
Average DR 
(meters) 
Average Road 
Density 
34 
Patches 1.26 241.95 (64%) 0.4184 0.0041 
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Table 19. Results of New Metrics: Road-Based patch metrics for high patch 
density, low road density 
Patch # 
(FID) Landcover 
NCP-
Roads 
ENN-
Roads 
DR 
(meters) 
Road 
Density 
0 0 2 300 0.0000 0.0100 
1 0 2 200 0.0000 0.0100 
2 0 0 -- 0.0000 0.0100 
3 0 3 100 0.0000 0.0050 
4 0 4 200 0.0000 0.0014 
5 0 1 200 0.0000 0.0077 
6 0 3 100 200.0809 0.0000 
7 0 12 100 210.0850 0.0000 
      8 0 15 100 0.0000 0.0069 
9 0 17 100 0.0000 0.0032 
10 0 12 100 393.3512 0.0000 
11 0 12 100 90.0364 0.0000 
12 0 12 0 335.3512 0.0000 
13 0 1 100 10.0040 0.0100 
14 0 2 100 200.0809 0.0000 
15 0 12 100 0.0000 0.0134 
      16 0 12 0 120.0486 0.0000 
17 0 12 100 0.0000 0.0077 
18 0 12 0 335.3968 0.0000 
19 0 12 0 600.2428 0.0000 
20 0 12 100 100.0405 0.0000 
21 0 1 100 10.0040 0.0100 
22 1 3 100 0.0000 0.0055 
23 1 5 100 0.0000 0.0026 
      24 1 2 223 100.0405 0.0000 
25 1 2 300 0.0000 0.0050 
26 1 3 223 0.0000 0.0023 
27 1 3 282 10.0040 0.0033 
28 1 6 223 0.0000 0.0010 
29 1 3 282 400.1619 0.0000 
30 1 3 400 0.0000 0.0009 
31 2 2 300 0.0000 0.0029 
      32 2 3 100 232.6882 0.0000 
33 2 4 100 0.0000 0.0044 
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      35 2 3 100 100.0405 0.0000 
36 2 4 200 100.0405 0.0000 
37 2 4 400 310.1254 0.0000 
38 2 4 500 110.0445 0.0000 
39 2 4 400 620.2509 0.0000 
      40 2 4 200 0.0000 0.0030 
41 3 1 600 0.0000 0.0100 
42 3 3 100 0.0000 0.0088 
43 3 7 100 0.0000 0.0059 
44 3 4 200 0.0000 0.0025 
45 3 3 100 0.0000 0.0033 
46 3 5 100 58.3331 0.0000 
47 3 5 100 164.9910 0.0000 
      48 3 8 100 0.0000 0.0063 
49 3 8 100 0.0000 0.0033 
50 3 8 100 0.0000 0.0029 
51 3 4 100 134.5907 0.0000 
52 3 4 100 20.0081 0.0000 
53 3 4 100 0.0000 0.0023 
54 4 2 100 0.0000 0.0083 
55 4 1 412 0.0000 0.0013 
      56 4 1 100 0.0000 0.0019 
57 4 2 200 400.1619 0.0000 
58 4 2 300 10.0040 0.0019 
59 4 0 -- 10.0040 0.0100 
60 4 2 200 0.0000 0.0012 
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Table 20. Results of New Metrics: Road-Based patch metrics for high patch 
density, moderate road density 
Patch # 
(FID) Landcover 
NCP-
Roads 
ENN-
Roads 
DR 
(meters) 
Road 
Density 
0 0 2 300 10.0104 0.0100 
1 0 2 200 10.0104 0.0100 
2 0 0 -- 10.0104 0.0100 
3 0 2 100 0.0000 0.0000 
4 0 2 200 0.0000 0.0014 
5 0 1 200 0.0000 0.0077 
6 0 2 100 0.0000 0.0100 
7 0 5 100 200.2081 0.0000 
      8 0 5 100 0.0000 0.0069 
9 0 15 100 0.0000 0.0036 
10 0 4 100 401.5408 0.0000 
11 0 4 100 100.1040 0.0000 
12 0 5 0 200.2081 0.0000 
13 0 1 100 10.0104 0.0100 
14 0 2 100 200.2081 0.0000 
15 0 4 100 0.0000 0.0134 
      16 0 5 0 110.1144 0.0000 
17 0 4 100 0.0000 0.0077 
18 0 5 0 310.3225 0.0000 
19 0 5 0 0.0000 0.0000 
20 0 2 100 100.1040 0.0000 
21 0 1 100 10.0104 0.0100 
22 1 2 100 0.0000 0.0055 
23 1 4 100 0.0000 0.0032 
      24 1 2 223 100.1040 0.0000 
25 1 2 300 0.0000 0.0050 
26 1 0 -- 100.1040 0.0023 
27 1 1 282 0.0000 0.0033 
28 1 4 223 0.0000 0.0010 
29 1 3 282 0.0000 0.0026 
30 1 2 400 0.0000 0.0030 
31 2 2 300 0.0000 0.0029 
      32 2 2 100 223.8394 0.0000 
33 2 4 100 0.0000 0.0069 
 59 
 
34 2 3 300 0.0000 0.0044 
35 2 3 100 0.0000 0.0020 
36 2 1 200 10.0104 0.0027 
37 2 1 400 300.3121 0.0000 
38 2 0 -- 0.0000 0.0014 
39 2 1 400 400.4162 0.0000 
      40 2 1 200 0.0000 0.0030 
41 3 1 600 10.0104 0.0100 
42 3 3 100 0.0000 0.0088 
43 3 3 100 0.0000 0.0073 
44 3 4 200 0.0000 0.0025 
45 3 3 100 0.0000 0.0033 
46 3 4 100 0.0000 0.0015 
47 3 4 100 156.6876 0.0000 
      48 3 8 100 0.0000 0.0057 
49 3 7 100 0.0000 0.0033 
50 3 7 100 0.0000 0.0029 
51 3 4 200 0.0000 0.0013 
52 3 4 200 10.0104 0.0000 
53 3 4 100 0.0000 0.0029 
54 4 2 100 0.0000 0.0083 
55 4 1 412 0.0000 0.0013 
      56 4 1 100 0.0000 0.0019 
57 4 2 200 0.0000 0.0033 
58 4 1 300 0.0000 0.0022 
59 4 0 -- 10.0104 0.0100 
60 4 1 200 0.0000 0.0012 
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Table 21. Results of New Metrics: Road-Based patch metrics for high patch 
density, high road density 
Patch # 
(FID) Landcover 
NCP-
Roads 
ENN-
Roads 
DR 
(meters) 
Road 
Density 
0 0 1 300 10.0118 0.0100 
1 0 0 -- 10.0118 0.0100 
2 0 0 -- 10.0118 0.0100 
3 0 1 100 0.0000 0.0000 
4 0 2 200 0.0000 0.0014 
5 0 1 200 0.0000 0.0077 
6 0 2 100 0.0000 0.0100 
7 0 2 100 0.0000 0.0100 
      8 0 3 100 0.0000 0.0084 
9 0 7 100 0.0000 0.0039 
10 0 1 142 0.0000 0.0095 
11 0 2 102 100.1184 0.0000 
12 0 5 0 0.0000 0.0028 
13 0 1 100 0.0000 0.0100 
14 0 1 100 10.0118 0.0100 
15 0 2 100 0.0000 0.0134 
      16 0 2 0 110.1303 0.0000 
17 0 2 100 0.0000 0.0077 
18 0 2 0 200.2369 0.0000 
19 0 1 200 0.0000 0.0000 
20 0 1 100 0.0000 0.0050 
21 0 1 100 0.0000 0.0100 
22 1 2 100 0.0000 0.0055 
23 1 4 100 0.0000 0.0044 
      24 1 2 223 110.1303 0.0000 
25 1 2 300 0.0000 0.0050 
26 1 0 -- 10.0118 0.0023 
27 1 1 -- 0.0000 0.0033 
28 1 3 223 0.0000 0.0060 
29 1 1 282 0.0000 0.0037 
30 1 1 400 0.0000 0.0034 
31 2 2 300 0.0000 0.0071 
      32 2 2 100 223.8716 0.0000 
33 2 3 100 0.0000 0.0069 
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34 2 2 300 0.0000 0.0044 
35 2 2 100 0.0000 0.0020 
36 2 0 -- 10.0118 0.0027 
37 2 0 -- 100.1184 0.0000 
38 2 0 -- 0.0000 0.0038 
39 2 0 -- 0.0000 0.0050 
      40 2 0 -- 0.0000 0.0080 
41 3 0 -- 10.0118 0.0100 
42 3 3 100 0.0000 0.0088 
43 3 1 100 0.0000 0.0073 
44 3 3 200 0.0000 0.0025 
45 3 3 100 10.0118 0.0033 
46 3 4 100 0.0000 0.0015 
47 3 3 100 100.1184 0.0000 
      48 3 4 100 0.0000 0.0057 
49 3 5 100 0.0000 0.0077 
50 3 3 100 0.0000 0.0043 
51 3 1 200 0.0000 0.0013 
52 3 1 200 10.0118 0.0000 
53 3 1 100 0.0000 0.0050 
54 4 1 400 0.0000 0.0083 
55 4 0 -- 0.0000 0.0013 
      56 4 1 400 0.0000 0.0019 
57 4 1 300 0.0000 0.0100 
58 4 1 300 0.0000 0.0052 
59 4 0 -- 0.0000 0.0100 
60 4 0 -- 0.0000 0.0012 
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Table 22. Results of New Metrics: Road-Based class metrics for high patch 
density, low road density 
Landcover 
Total # 
Patches 
Average 
NCP-Roads 
Average 
ENN-Roads 
Average DR 
(meters) 
Average Road 
Density 
0 22 7.77 104.76 (95%) 118.3965 0.0043 
1 9 3.33 0.3003003 56.6896 0.0023 
2 10 3.60 0.555555556 137.3150 0.0015 
3 13 4.92 0.609756098 27.0710 0.0035 
4 7 1.43 218.67 (86%) 60.0243 0.0035 
 
 
Table 23. Results of New Metrics: Road-Based class metrics for high 
patch density, moderate road density 
 
Landcover 
Total # 
Patches 
Average 
NCP-Roads 
Average 
ENN-Roads 
Average DR 
(meters) 
Average Road 
Density 
0 22 3.55 104.76 (95%) 71.4890 0.0046 
1 9 2.22 238.75 (89%) 22.2453 0.0029 
2 10 1.80 233.33 (90%) 93.4578 0.0023 
3 13 4.30 0.23255814 13.5930 0.0038 
4 7 1.14 218.67 (86%) 1.4301 0.0040 
 
 
Table 24. Results of New Metrics: Road-Based class metrics for high patch 
density, high road density 
Landcover 
Total # 
Patches 
Average 
NCP-Roads 
Average 
ENN-Roads 
Average DR 
(meters) 
Average Road 
Density 
0 22 1.82 112.2 (91%) 20.4788 0.0064 
1 9 1.78 232.57 (78%) 13.3491 0.0037 
2 10 1.10 180 (50%) 33.4002 0.0040 
3 13 2.46 125 (92%) 10.0118 0.0044 
4 7 0.57 350 (57%) 0.0000 0.0054 
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Table 25. Results of New Metrics: Road-Based landscape metrics for high patch 
density, low road density 
Total 
Average NCP-
Roads 
Average ENN-
Roads 
Average DR 
(meters) 
Average Road 
Density 
61 
Patches 5.10 169.08 (98%) 6.5491 0.0033 
 
 
Table 26. Results of New Metrics: Road-Based landscape metrics for high patch 
density, moderate road density 
Total 
Average NCP-
Roads 
Average ENN-
Roads 
Average DR 
(meters) 
Average Road 
Density 
61 
Patches 2.95 168.81 (93%) 3.3150 0.0037 
 
 
Table 27. Results of New Metrics: Road-Based landscape metrics for high patch 
density, high road density 
Total 
Average NCP-
Roads 
Average ENN-
Roads 
Average DR 
(meters) 
Average Road 
Density 
61 
Patches 1.69 159.83 (79%) 1.2662 0.0051 
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Performance Comparison Against Existing Metrics 
Number of Connected Patches 
There are no directly comparable existing metrics at the patch level to Number of 
Connected Patches road-based metric, however, there are a few at the class and 
landscape levels. The percentage of landscape number of patches is applicable 
at both the class and landscape levels. Others can be used for comparison yet 
only one was tested; at the class and landscape levels Patch Cohesion Index 
was selected. However under the Diversity section Patch Richness is the most 
comparable to Number of Connected Patches since it measures the number of 
patch types present.  
As expected the Patch Richness number was consistent across all 
landscapes with a value of 5 total class types however it is only measured at the 
landscape level.  This indicated that there were a total of 5 class types present in 
the landscape. The average NCP-Roads value at the landscape level across all 
landscape/road overlays had a value less than 5 in every case except for the 
case of small isolated patches and high road density indicating that in the 
presence of roads the overall average number of connected patches across 
classes was reduced. This also indicates that spatial location of class types in 
conjunction with a road has a direct effect on the NCP-Roads value.  
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Euclidian Nearest Neighbor Roads 
This metric has the most direct comparable existing metric as ENN-Roads is a 
modification of the existing Euclidian Nearest Neighbor metrics. All are a 
measurement of Isolation and Proximity. At the patch level, Euclidean Nearest 
Neighbor Distance was calculated and at the class and landscape level the 
Euclidean Nearest Neighbor Distance Distribution was calculated for comparison.  
The existing Euclidean Nearest Neighbor metric at the patch level does 
not show a landscape divided by roads. For example in the landscape with low 
patch density and low road density (Table 1), Patch 9 had approximately the 
same value of 300 meters when computed in FRAGSTATS with the new metric 
on the with low road density (Table 28). However as the road density increases 
and the patch density remains the same, the ENN-Roads value increased to 707 
meters when overlaid with moderate road density (Table 2) and eventually had 
no connected patches when overlaid with a high density road network (Table 3). 
In the case of the landscape with low patch density and high road density (Table 
9 and 34), the existing ENN computed value for patch 18 was 110.45 meters 
however when overlaid with all roadway networks, the modified ENN-Roads 
values were 0 meters because in each case a road intersected that particular 
patch.  
In the class level, the average Euclidean Nearest Neighbor value was 
higher when calculated with the conventional ENN method however was smaller 
under the modified ENN-Roads metric. This was because across patch types the 
 66 
 
average connectivity was reduced in the presence of a road. For example in the 
case of low density landscape with low density roads (Table 4 and 29), patch 
type 0 had an ENN value of 308 meters but under the modified ENN-Roads with 
no road intersections this same landscape reported a value of 430 meters. This 
shows that under the modified ENN-Roads metric the same landscape has less 
connectivity then the traditional ENN measurement at the class level.  
At the landscape level, a similar effect to the class results was observed in 
that the modified ENN-Roads metric showed larger values than the existing ENN 
values. For example again using the same landscape (Table 6 and 30), the 
existing ENN value was 301.50 however the modified ENN-Roads had a value of 
372.35 for landscape with low patch density and low road density.  
Road Density 
There are no existing comparable metrics in because all available metrics 
measure patch density compared to one another, not patch density compared to 
density of roads. There are no existing metrics that measure density of roads; 
only density of patches, classes, and landscapes therefore Road Density is a 
completely new metric unto itself and no direct comparison using the 
FRAGSTATS software can be made.  
Distance to Roads 
While Distance to Roads is a measurement of isolation/proximity, there is no 
directly comparable existing metric that measure patch to road distance. The 
proximity index and similarity index only measure distance from one patch to 
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another. Because these essentially measure two different forms of proximity, 
Distance to Roads is shown to be a completely new metric unto itself. This is 
consistent along all three spatial scales.  
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Table 28. Evaluation of Existing Metrics: Classic Patch metrics for large 
continuous patches 
PID TYPE ENN 
0 0 310.00 
1 0 210.24 
2 0 155.56 
3 0 155.56 
4 0 210.24 
5 0 810.00 
6 1 328.94 
7 1 110.45 
   8 1 110.45 
9 2 310.16 
10 2 310.16 
11 2 155.56 
12 2 155.56 
13 3 237.07 
14 3 110.00 
15 3 110.00 
   16 3 110.00 
17 3 110.00 
18 4 1010.00 
19 4 1010.00 
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Table 29. Evaluation of Existing Metrics: Classic Class metrics for large 
continuous patches 
TYPE PLAND NP ENN_MN COHESION 
0 24.48 6 308.60 98.49 
1 22.88 3 183.28 99.01 
2 19.36 4 232.86 98.61 
3 32.00 5 135.41 98.82 
4 1.28 2 1010.00 95.63 
 
Table 30. Evaluation of Existing Metrics: Classic Landscape metrics for large 
continuous patches 
NP ENN_MN COHESION PR 
20 301.50 98.72 5 
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Table 31. Evaluation of Existing Metrics: Classic Patch metrics for moderately 
sized patches 
PID TYPE ENN 
0 0 410.12 
1 0 310.00 
2 0 210.00 
4 0 210.00 
5 0 410.12 
6 0 510.00 
7 0 510.00 
   
8 0 410.12 
9 1 110.00 
10 1 460.65 
11 1 110.00 
12 1 110.00 
13 1 110.00 
14 1 210.00 
15 1 110.00 
   
16 2 110.00 
17 2 155.56 
18 2 110.00 
19 2 310.00 
20 2 155.56 
21 3 210.00 
22 3 410.00 
23 3 110.45 
   
24 3 110.00 
25 3 110.45 
26 3 110.00 
27 3 110.45 
28 3 296.98 
29 3 110.45 
30 4 296.98 
31 4 296.98 
   
32 4 718.47 
33 4 718.47 
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Table 32. Evaluation of Existing Metrics: Classic Class metrics for moderately 
sized patches 
TYPE PLAND NP ENN_MN COHESION 
0 18.24 8 372.55 97.87 
1 22.72 7 174.38 98.28 
2 19.36 5 168.23 98.49 
3 30.56 9 175.42 98.37 
4 9.12 4 507.73 97.75 
 
 
Table 33. Evaluation of Existing Metrics: Classic Landscape metrics for 
moderately sized patches 
NP ENN_MN COHESION PR 
33 262.18 98.21 5 
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Table 34. Evaluation of Existing Metrics: Classic Patch metrics for small isolated 
patches 
PID TYPE ENN 
0 0 110.45 
1 0 210.00 
2 0 310.00 
3 0 110.00 
4 0 210.24 
5 0 210.00 
6 0 110.00 
7 0 110.45 
   
8 0 110.00 
9 0 110.00 
10 0 110.00 
11 0 110.00 
13 0 110.00 
14 0 110.00 
15 0 110.00 
   
17 0 110.00 
18 0 110.45 
20 0 110.00 
21 0 110.00 
22 1 110.45 
23 1 110.45 
24 1 237.07 
25 1 110.45 
   
26 1 374.43 
27 1 110.45 
28 1 210.00 
29 1 296.98 
30 1 374.43 
31 2 310.16 
32 2 110.00 
33 2 110.00 
   
34 2 310.16 
35 2 110.00 
36 2 210.00 
37 2 410.00 
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38 2 210.00 
39 2 410.00 
40 2 210.00 
41 3 310.00 
   
42 3 110.00 
43 3 110.00 
44 3 210.00 
45 3 110.00 
46 3 110.00 
47 3 110.00 
48 3 110.45 
49 3 110.45 
   
50 3 110.00 
51 3 110.45 
52 3 110.45 
53 3 110.45 
54 4 110.45 
55 4 310.00 
56 4 110.45 
57 4 210.24 
   
58 4 310.00 
59 4 862.67 
60 4 210.24 
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Table 35. Evaluation of Existing Metrics: Classic Class metrics for small isolated 
patches 
TYPE PLAND NP ENN_MN COHESION 
0 26.4 19 136.40 98.28 
1 18.24 9 214.97 98.05 
2 16 10 240.03 97.46 
3 26.4 13 133.25 98.02 
4 12.96 7 303.44 97.83 
 
 
Table 36. Evaluation of Existing Metrics: Classic Landscape metrics for small 
isolated patches 
NP ENN_MN COHESION PR 
58 185.91 98.02 5 
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CHAPTER 7: 
DISCUSSION 
Landscape structure in urban environments differs greatly than that of 
natural and rural environments. Environmental and human disturbances alter 
land use patterns across a range of spatial and temporal scales. Lack of suitable 
metrics sensitive to the presence of transportation networks limits accurate 
quantification of habitat fragmentation in these areas. This study demonstrates 
four new landscape metrics in consideration of roadway fragmentation effects at 
the patch, class and landscape levels, as implemented through GIScience 
techniques. 
Number of Connected Patches  
Used as a measure of fragmentation, the number of connected patches 
metric at the patch level describes the total number of patches connected to a 
single patch without crossing a road. This measure provides a roadway-sensitive 
indication of habitat connectivity by quantifying persistent habitat connectivity 
where roadway fragmentation is considered. Therefore, the greater the NCP 
value, the less fragmented that particular patch is from its adjacent patches of the 
same cover type. Because the number of connected patches increased as the 
number of available patches increased, this metric has some limitations when 
considering patch density or alternatively patch size. As the total number of 
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patches for each landscape increased, the overall number of connected patches 
increased, however the size of each patch at this stage becomes an issue. For 
example, when road density remains constant but the total number of patches 
within the landscape increases, the total number of connected patches 
increases. Although the total number of connected patches increased as the total 
number of patches per landscape increased, their respective areas were smaller. 
This means that not only does the number of connecting patches determine the 
level of fragmentation but NCP can be misleading when not taking size into 
account because the area affects this number. 
While these trends are not indicative of every single patch, it must be 
noted that the spatial location of each patch for each scenario determined the 
effect the increasing road density will have on it. Also the size of each patch was 
a factor in how the increasing road density affected the total number of 
connected patches. For example, a high patch density landscape may not 
respond to an increase in road density (with regard to NCP-R) in the same way 
as a low patch density landscape of equal total area. This is so as patch number 
increases propagated by roads on large patches are more prevalent than those 
on landscapes of small patches. In short, where patch numbers are high initially, 
road density increases are less likely to significantly impact NCP response as 
high patch density results in greater chances for small patches of the same cover 
type to be adjacent. Conversely, the greater area each patch has as well as its 
neighboring connected patches, the more likely they were to remain connected 
despite the increase in road density.   
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The Number of Connected Patches–Roads Metric provides a measure of 
habitat connectivity considering the presence of roadways in its formulation; it 
extends upon existing measures and yields a more realistic and more useful 
representation of habitat connectivity. Metric results are relatively simple to 
produce and interpret, making it an accessible measure of roadway-sensitive 
connectivity at the patch, class and landscape levels.   
 
Euclidian Nearest Neighbor-Roads  
The Euclidean Nearest Neighbor-Roads metric at the patch level is 
defined as the distance to the nearest neighboring patch without crossing a road. 
Therefore, the smaller the ENN-Roads value, the less fragmented that particular 
patch is from its neighboring patches of the same cover type. As a roadway 
sensitive measure of isolation/proximity, ENN-Roads improves upon existing 
measures by facilitating greater realism and significance in the values returned. 
  Patches that were considered connected under the previous ENN 
(without roads) metric are now shown to be separated by a road where those 
patches report no ENN-Roads value. Because a lower number indicates more 
patch connectivity, this can also limit the use of this metric in that patches with no 
other connecting patches cannot have a nearest neighbor value at all. This is 
problematic when formulating a class and landscape average calculation and 
difficult to work around when comparing the values of each data set. The trend at 
the class and landscape levels show that the average value alone cannot solely 
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indicate the level of fragmentation with regard to ENN-Roads, as ENN-Roads 
values are reported as a ratio in percent. At the class and landscape levels as 
the road density increased, the total percentage of patches counted also 
decreased. At the landscape level as the patch density increased, the 
percentage of patches counted increased.   
In the cases where no percent values were used at the class level, as 
road density increased the average ENN-Roads values remained constant. No 
trend can be determined when comparing the test data at the class level as the 
patch density increased because the average is dependent on the spatial 
location of each patch; not the number of patches. At the landscape level all test 
data had a percent value except for the low patch density, low road density 
landscape.    
Distance to Roads  
As a measurement of dispersion, the Distance to Roads metric at the 
patch level is defined as the distance to the nearest neighboring road therefore 
the smaller the DR value, the closer that particular patch is from its nearest 
neighboring road and a DR value of zero indicates a road is intersecting the 
patch. In terms of measuring the impact of the road on a patch, the further away 
the patch is located, the less of an impact the road has on that patch.  
At the patch level, as the road density increased for each landscape, 
patches became closer to roads and more patches were intersected by roads. 
This was also true at the class and landscape levels. Also, as the total number of 
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patches for each landscape increased, the closer the patches became to a road 
and the more patches actually intersected a road.   
Road Density  
The Road Density metric at the patch level is defined as the total length of 
a piece of road divided by the total area of the intersecting patch. Higher RD 
values indicate more road length is intersecting a particular patch type; therefore 
fragmentation of that patch type is higher. In a case where a patch has a greater 
total area and only slightly intersected by a road will output a smaller RD number 
then a smaller patch intersected by more roadway length.  
  At the patch level, as the size of the patches became smaller, the RD 
values became larger. When the road density remains constant the less surface 
area a patch has and will yield a higher number. Also as the road density 
increased, the higher the RD values became, indicating more road coverage at 
the individual patch level. The class and landscape levels show no change in 
average RD when the patch density and size of patches became smaller 
however as road density increased, so did the average RD value.   
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CHAPTER 8: 
CONCLUSIONS 
This research has introduced four landscape fragmentation metrics as 
either original formulations or as extensions to existing metrics. These metrics 
are: A measure of connectivity as Number of Connected Patches–Roads, a 
measure of isolation/proximity as Euclidean Nearest Neighbor–Roads, Road 
Density, and a measure of dispersion as Distance to Roads. In answering the 
proposed research questions, this study shows that: (1) Each metric is able to 
perform at the patch, class, and landscape level using simulated landscape data. 
(2) These results demonstrate new roadway-sensitive metrics and provide a 
measure of connectivity among habitat patches in areas influenced by 
transportation networks however more research can be done on these metrics. 
(3) The new metrics can be demonstrated using GIScience techniques and can 
eventually be coded as tools for future use. 
Implications 
The results of this study can be used by landscape ecologists and land 
managers to better assess fragmentation of landscapes impacted by 
transportation systems. The metrics introduced serve to articulate the study of 
landscape fragmentation by providing measures sensitive to roadway 
fragmentation. As ongoing anthropogenic activities such as urban sprawl 
interfere with habitat areas, quantitative understandings of the fragmenting 
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effects of roadways become more necessary for the proper management of such 
areas. The research presented here represents a significant advancement in a 
class of methodologies traditionally associated with landscape fragmentation 
study. This research has provided a toolset with direct utility in the treatment of 
roadway fragmentation inquiry and decision support. 
 
Limitations 
While this research examines new methods of incorporating roadway 
networks into landscape metrics it did not take into account all possible 
measurements of fragmentation. It is beyond the scope of this research to 
attempt formulation of a roadway-sensitive equivalent to all conventional 
landscape fragmentation metrics. Thus, the study was limited in its ability to fully 
address all shortcomings of existing metrics.  
Some of the metrics presented return values may be difficult to properly 
interpret when taken out of a roadway-fragmentation context. For example, 
where NCP-R values are found as stable where roadway cover is increased, it is 
instructive to review the spatial configuration of the landscape and address any 
misleading result via an awareness of the metrics‘ limitations. In the case of the 
modified ENN-Roads, if a patch has no other connecting patches, the value 
cannot be represented as a zero because that would imply that the nearest 
neighbor was in fact touching that particular patch. That is why the modified 
metric itself is limited to a percentage which can become difficult when 
comparing across covertypes or landscapes with different percentages included. 
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A noticeable relationship, acting on metric responses exists between 
patch number and mean patch size. In the case of the test data, the size of the 
sample study area remained constant however the total number of patches 
increased as patch density increased. As patch density increased the average 
size of each patch decreased. This may have affected the overall results of each 
metric and should be taken into account for future studies.  
In the case of NCP-Roads, the average value was significantly higher in 
the high patch density scenarios then in the landscapes with lower patch 
densities for identical roadway overlays. This was because while there were 
more patches, the sizes of the patches were smaller; the size of the study area 
was the same. NCP response is in this way misleading as a true indication of 
overall connectivity. For this reason it is important to couple the NCP response 
with consideration of the average patch area in the sample study area.  
In the case of ENN-Roads, response values can be higher, indicating 
longer distances between cover-type neighbors where a road is not crossed, in 
landscapes with higher mean patch area. The reality of landscapes with higher 
mean patch areas is one of better connectivity despite ENN-Roads values like 
these. Higher ENN-Roads values in the case of habitats configured of larger 
patches may only indicate that a longer distance must be traversed to connect 
two patches of identical type, due to the traversal distance of large patch size 
itself. In short, ENN-Roads response will be inflated where patch sizes are 
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relatively large, due primarily to the fact that edge-to-edge distances across large 
patches are, of course, large themselves.  
The Distance to Roads metric felt the effects of this relationship in cases 
where smaller patches did not have large enough areas to approach nearby 
roads. In this case when a patch has a larger area, the chance of it touching a 
road increases, thus decreasing Distance to Roads values. Ideally, larger patch 
sizes generally counter the effects of roadway fragmentation. 
The Road Density metric is also affected, however it is not limited so much 
as others in regard to a constant study area size. When a given patch has a 
smaller area compared to that of a patch with a larger area, the actual RD value 
is higher as expected. Since it is counted on more of an individual patch basis, 
not in its spatial relationship to other neighboring patches, this does not limit the 
metric. 
It should also be noted that metrics presented in this research treat all 
roadway features as equally fragmenting of landscape. Roadway width, traffic 
load, bridge/raised status are not considered in metrics presented. For the 
purposes of this research, roadways are computed as dimensionless line 
features generating fragmentation. Road features are in this way considered for 
their position within landscapes only. 
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Future Study 
Future work will explore compensation routines for systematic inflation of metric 
responses as mentioned above. This research has identified a detrimental 
relationship between mean patch area in a landscape and response of roadway 
fragmentation metrics introduced. Interplay between study area size, patch 
number, and road density may propagate error where users interpret metric 
findings at face value.  
For example, increased patch density in a low roads density study area 
can erode the validity/utility of metric findings regarding NCP. While NCP values 
will increase with increased patch density (this is generally an indication of good 
habitat connectivity), high patch density itself is an indication of poor habitat 
contiguity. NCP metric responses must in this way be interpreted alongside mean 
patch area of the landscape as a benchmark. In future work I will provide for a 
methodology modeling the relationship between patch area and response of 
individual metrics on a per-study-area basis. I will use findings from this method 
to correct for values inflating the real health of landscapes.   
In addition to the simulated landscape data, I would like to assess each of 
the metrics using a ―real world‖ case study that compares rural and urban areas 
in Florida. Simulated data offers a means to test the utility of each metric in 
controlled scenarios, while this serves as a theoretical test bed for metric 
function, it is not a true indication of metric performance in providing actionable 
results. Landscape metrics are designed for use by landscape researchers and 
managers and therefore must perform accurately in true to life situations. 
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Therefore real world experimentation is necessary to test the true utility of a 
metric. 
A potential case could include the landscape of south Florida. The 
Everglades could serve as a natural environment, the sugarcane fields could 
serve as a rural example, and Miami-Dade County could serve as an urban area 
heavily impacted by roads. The case study will be useful for showing how these 
new landscape metrics can be applicable for measuring habitat fragmentation 
caused by roads under a variety of landscape conditions; moving the study from 
that of method to practice.   
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